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Abstract. Measurements of soil volumetric moisture content and temperature were made
at 2, 4, 7, 10, and 15 cm below the surface of a bare field soil, over a 1-week period at
20-min intervals. The conductive heat and liquid moisture fluxes were calculated for the
soil layer 7–10 cm below the surface, and the water vapor flux was then determined from
both the energy transfer and mass transfer equations. Water vapor flux in this layer
transported a significant amount of the total energy flux (up to 50%) and an appreciable
amount of the total moisture flux (up to 25%). There was reasonable agreement between
the water vapor flux calculated by the mass transfer equation and the vapor flux calculated
by the energy equation.
1. Introduction
For at least 80 years it has been recognized that the move-
ment of moisture and heat in the soil are coupled [Boucoyous,
1915]. The total heat flux in the soil occurs not only from
simple conduction but also from water movement in both the
vapor and liquid states. Likewise, temperature gradients can
drive mass transfer. Conceptually, the coupling of the heat and
mass transfer equations can be seen as largely resulting from
the water vapor flux. The movement of moisture from one
location in the soil to another by evaporation and the subse-
quent recondensation can contribute significantly to the net
moisture movement in the soil. Additionally, because of the
large value of the latent energy of vaporization of water, the
water vapor transports significant energy when it evaporates
and condenses.
Various authors have examined the significance and magni-
tude of the water vapor flux as it affects either the mass or
energy balances in experimental studies (see Table 1 for sum-
mary results). One of the first field-scale tests of the coupled
effects of soil heat and moisture transport was done by Rose
[1968a, b]. Rose was interested in water vapor transport driven
by temperature gradients and looked only at the mass balance.
In his equation for the conservation of mass the only unknown
term was the thermally driven vapor flux. Using the measured
values of the other fluxes and the net change in moisture
content, Rose solved for the thermal vapor flux, and found that
the amount of water transported through a soil layer as vapor
was on the same order of magnitude as the increase or de-
crease of the volumetric moisture content in that layer. An-
other study that looked at role of vapor flux in the soil moisture
balance was done by Jackson and coworkers [Jackson, 1973;
Jackson et al., 1974]; they performed a similar experiment of
combined measurements of soil temperature and volumetric
moisture content in a field soil. Their calculated water vapor
fluxes were on the same order as Rose’s [1968b]. Monji et al.
[1990] also found large values of water vapor transport due to
temperature gradients.
A study which looked at the effect of vapor flux on the
energy balance was that of Westcot and Wierenga [1974]. In
their combined modified-field experiment and computer
model they calculated that heat transported by vapor flux was
on the same order as heat flux by conduction and accounted
for 40–60% of total heat flux in the top 2 cm of the soil and up
to 20–25% of total heat flux at a depth of 25 cm. When the
heat transport by vapor flow was not included, the soil tem-
perature was underestimated at the middle of the day.
In the present study we examine the transport of water in a
bare field soil (Yolo silt loam) using subsurface measurements
of soil temperature and volumetric moisture content. Thermal
conductivity and liquid water diffusivity are both calculated
from well-established previous results for the soil used in the
experiment. We show that there exists for these field experi-
mental conditions a significant amount (40–60%) of heat flux
due to vapor transport. The contribution of the water vapor
flux to the total moisture flux is less (10–30%) but still signif-
icant. Unlike previous studies, which have looked at either
mass or energy transport, we compare the vapor flux computed
from the residual of the energy equation to the vapor flux
computed from the mass equation. Reasonable agreement be-
tween the two calculated time series of water vapor flux is
found.
2. Theoretical Considerations
2.1. Energy Equation
When the heat transported by mass transfer is considered,
Fourier’s law for the heat flux density in soil is amended to
become
qh 5 2l=T 1 rLqv 1 cpl r~T 2 T0!qm (1)
where qh is the heat flux density [W/m
2], l is the thermal
conductivity [W/m K], T is the temperature [K], r is the density
of water [kg/m3], L is the latent heat of vaporization [;2.45 3
106 J/kg], cpl is the specific heat of liquid water [4182 J/kg K],
T0 is an arbitrary reference temperature [K], which was taken
to be 258C, qv is the water vapor flux, and qm is the total
moisture flux [both in units of m/s], which is simply equal to the
sum of the vapor flux qv and the liquid water flux ql [de Vries,
1958]. The right-hand side of (1) consists of a Fourier conduc-
tion term (2l¹T) and two terms that express heat trans-
ported by mass transfer. The first, rLqv, is the heat trans-
ported by the evaporation of water vapor in one place and its
recondensation at another. The second term, cpl r (T 2 T0)
qm, is the transport of heat energy by the flow of water of one
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temperature to a region of a different temperature. The ref-
erence temperature T0 is needed because energy is not an
absolute quantity but rather is described as the difference from
some base level set at zero energy.
Equation (1) can be used to solve for the water vapor flux if
the total heat flux density qh, the conductive flux density l¹T ,
and the liquid water flux ql are known. Note that certain terms
in (1) are more important than others. For our experimental
conditions the net heat flux density and the conductive flux
density have magnitudes on the order of 101 W/m2, while the
term describing heat energy transported by liquid flow
(cpl r¹Tqm) is on the order of 10
21 W/m2. It is apparent, then,
that in order to use the heat equation to determine the vapor
flux, an accurate estimation of the thermal conductivity must
be available.
Unlike heat capacity, which can be calculated as the sum of
the heat capacities of the different soil components (water, air,
quartz, and other solids) weighted by their respective fraction
of the soil, the thermal conductivity of soils is a function of the
geometrical arrangement of the phases in the soil matrix. Es-
timation of the thermal conductivity of soils with varying mois-
ture content has often been done with the method proposed by
de Vries [1963]. This relationship is
l 5
O
i50
n
ki Xil i
O
i50
n
ki Xi
(2)
where Xi is the volume fraction of the ith phase (quartz, other
solids, organics, water, or air) and l i is the thermal conductiv-
ity of the ith phase. The subscript 0 is reserved for the contin-
uous phase, which is considered to be water for a “wet” soil
and air for a “dry” one. The value of k0 is defined to be 1, and
the value of ki for i greater than 0 is given by
ki 5
1
3 O
j51
3 F 1 1 S l il0 2 1D g jG
21
(3)
where g j is a shape factor, with g1 1 g2 1 g3 5 1. Wierenga
et al. [1969] derived soil-specific formulae for the shape factors
g j for application of the de Vries formula for thermal conduc-
tivity for the Yolo silt loam; these values are used herein.
2.2. Mass Equation
The total moisture flux is given by
qm 5 q l 1 qv (4)
where the liquid water flux is defined as
q l 5 2Dul=u 2 DTl=T 2 K (5)
where u is the volumetric moisture content, Dul is the isother-
mal liquid diffusivity [m2/s], DTl is the thermal liquid diffusivity
[m2/s K] and K is the unsaturated hydraulic conductivity [m/s]
[Philip and de Vries, 1957]. The isothermal liquid diffusivity is
simply the diffusivity which appears in Richards’ equation:
Dul 5 K
­c
­u
(6)
where c is the matric potential [m]. The thermal liquid diffu-
sivity arises from the flux because of changes in surface tension
driven by changes in temperature:
DTl 5 Kgc (7)
where g is the relative change in surface tension s with respect
to temperature:
g 5
1
s
ds
dT
The functional dependency of K , c , and ­c/­u on u is
defined with a van Genuchten–type equation for the c(u) re-
lationship, while for hydraulic conductivity the Brooks and
Corey relationship for K(u ) is used. These are
u 2 u r
u s 2 u r
5 F 11 1 ~ac!nG
m
(8)
K 5 K sat S u 2 u ru s 2 u rD
h
BC
, (9)
respectively. This combination was chosen based on the anal-
ysis of Fuentes et al. [1992], which found that for heavy soils
such as the Yolo silt loam, only this combination of matric
potential and hydraulic conductivity functions gave acceptable
results. The needed fitting coefficients for the matric potential
and hydraulic conductivity relationships were also taken from
Fuentes et al. [1992] and are shown in Table 2. It should be
Table 1. Previous Studies of the Magnitude of Water Vapor Flux, Either in the Moisture Balance or the Energy Balance
Reference
Maximum Magnitude
of Heat Change Due
to Vapor Flow, W/m2
Maximum Magnitude
of Moisture Change
Due to Vapor Flow,
cm/s
Depth of Observation,
cm
Cary [1965] z z z 2 3 1026 column
Rose [1968b] z z z 2 to 6 3 1026, 1–3
2 to 4 3 1026 3–12
Jackson et al. [1974] z z z 2 to 7 3 1026 0.5, 1
Westcot and Wierenga [1974] 80 z z z 0.95
70 z z z 1.5
20 z z z 5
10 z z z 11
This study 40 to 60 7 3 1026 7–10
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noted that the value of ur 5 0 is not a physical value but is
instead a fitting parameter.
Although the relative change in surface tension with respect
to temperature g is not constant [Hopmans and Dane, 1986], it
is generally assumed that the variation is small and the value of
22.09 3 1023 8C21 given by Philip and de Vries [1957] was
used. Note that for the Yolo silt loam, the liquid water flux due
to thermal effects is calculated to be 3 orders of magnitude
smaller than the diffusive flux due to moisture gradients for the
moisture contents seen in this experiment. Any realistic change
in g is unlikely to affect our results significantly.
The theory of Philip and de Vries [1957] uses the thermody-
namic relationship between water vapor density rv, matric
potential, and temperature [Edlefsen and Anderson, 1943]
rv 5 rv s exp S cgRTD (10)
where rvs is the saturated water vapor density at a given tem-
perature, g is the acceleration due to gravity, and R is the gas
constant. This relationship expressing the dependence of vapor
density on matric potential and temperature allowed them to
break the vapor flux into an isothermal part driven by the
moisture content gradient and a thermal part driven by the
temperature gradient,
qv 5 2Duv=u 2 DTv=T (11)
where Duv and DTv are the appropriate diffusivities. The ex-
pressions derived by Philip and de Vries [1957] for the vapor
diffusion coefficients are
Duv 5
aaDangrv
RTr l
­c
­u
(12)
and
DTv 5 haaDan
drv s
dT (13)
where a is the volumetric air content; a is a tortuosity factor;
Da is the diffusivity of water vapor in still air; n is a mass-flow
factor taken to be 1; and g , R , and rvs are defined above. The
term h (which is entirely different than the hBC in (9), the
Brooks and Corey equation) is a factor that accounts for (1)
additional pore space available for the water vapor to move
through, owing to the ability of water vapor to condense on one
side of a water-saturated pore and evaporate on the other, and
(2) the enhanced temperature gradient in individual pores
relative to the bulk temperature gradient. For Philip and de
Vries [1957] h is given by
h 5
a 1 f~u !
aa
~=T!a
=T
where f is a moisture-dependent function that determines how
much of the porosity is available for vapor transport, and
(=T)a is the temperature gradient across the air-filled pores.
The values for f suggested by Philip and de Vries [1957] are
empirical, and likewise the value of (=T)a cannot be mea-
sured, so empirical values of z 5 (¹T)a/(¹T) must be used.
Models for the enhancement factor h have been developed
[Jury and Letey, 1979; Cary, 1979] but have been found not to
agree well with measured values [Cass et al., 1984].
An alternate formulation for (11), which has been proposed
by Milly [1982], uses matric potential c as the independent
variable instead of u. The use of matric potential as the inde-
pendent variable removes some of the difficulties which arise if
the soil is not homogeneous, or if hysteresis is significant
(Philip and de Vries’ model has the assumption that there is no
hysteresis.) Since our measurements were of soil moisture and
not of soil matric potential, we did not consider the matric
potential formulation. The transformation from u to c would
have incorporated additional uncertainty.
3. Experiment
The data used for estimation of the diffusivities were col-
lected at the Campbell Tract research field of the University of
California at Davis. The soil of this field is the Yolo silt loam.
Platinum resistance temperature detectors (PRTD) were in-
stalled at five depths: 2, 4, 7, 10, and 15 cm. Along side the
PRTDs, time domain reflectometry (TDR) probes were in-
serted horizontally into the soil. These TDR probes were 30
cm long and were of the three-prong design discussed by He-
imovaara [1993]. The TDR waveforms and soil temperatures
were measured every 20 min, and saved to a computer. The
waveforms were later analyzed using the calibration presented
by Dasberg and Hopmans [1992] for Yolo silt loam. This calibra-
tion was chosen after tests in the summer of 1994 with the same
TDR set. In these tests it was also found that there were no
calibration problems with the probes placed at the 2-cm depth.
The soil surface was kept bare of vegetation for the time
period analyzed. The field was initially irrigated by approxi-
mately 4 cm of water by sprinkler irrigation on day of year
(DOY) 164. Subsequent to the irrigation, an unexpected rain-
storm took place on DOY 166, which although it delayed the
dry-down of the soil, did provide the benefit of insuring that
the soil was more uniformly wetted. The data used for the
analysis in this paper are taken from DOYs 170–177, since that
was an uninterrupted period of hot, cloudless days, which pro-
vided maximal evaporative forcing.
Because of noise inherent in the interpretation of TDR
waveforms, it was deemed necessary to smooth the time
series of soil moisture. This was accomplished by low-pass
filtering at a bandwidth of 1.82 day21 [Press et al., 1992]. As
can be seen in Figure 1, which presents the results of this
smoothing for the soil moisture time series, this procedure
effectively removed the noise while preserving the essential
shape of the diurnal variation in moisture content. The
temperature measurements, which are shown in Figure 2,
are much less affected by noise; in addition, certain features
in the soil temperature time series, such as the sharp change
in soil temperature when the sun rises (or when the tem-
perature wave caused by the heating from sunrise reaches a
Table 2. Values of the Empirical Coefficients Used in
Equations (8) and (9)
Variable Value
m 0.0995
n 2.221
a, cm21 0.0517
us 0.495
ur 0
Ksat, cm/s 1.23e-5
hBC* 9.143
*Brooks and Corey parameter.
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given depth) would be removed by smoothing, so no
smoothing was done to these time series.
Some authors have proposed a temperature dependence of
TDR soil moisture measurements, because of the temperature
dependence of the dielectric constant of water. However, this
correction seems to be insignificant for our measurements.
Figure 3 presents the error due to temperature changes using
the method of Pepin et al. [1995] with a reference temperature
of 208C, along with the noise removed by the low-pass filtering
for the raw data taken at the 2-cm depth. As can be seen, the
magnitude of the temperature correction is much less than the
probable measurement noise itself. We have therefore ignored
temperature effects on TDR measurements in our analysis and
use the simple low-pass-filtered soil moisture time series.
4. Analysis
The goal of our analysis was to invert (1) and (4) indepen-
dently to obtain two different time series of qv for comparison.
Ideally, if (1) and (4) are correct models of the heat and
moisture transport and the values of l and ql are known, then
the two inversions should yield the same values of qv. In
reality, even if the hydraulic and thermal properties as func-
tions of moisture content were known perfectly, errors in the
measurement of temperature and moisture content would in-
troduce some disagreement between the two. We use the mea-
sured values of temperature and moisture content to compare
the residuals from inverting the two transport equations, which
in both cases should yield the vapor flux.
Figure 1. Raw moisture content measured by TDR, along with the smoothed data used in this study.
Figure 2. Temperature at listed depths, measured by platinum resistance temperature detectors.
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The equation for conservation of energy can be written as
C
­T
­t 5 2= ? qh (14)
where C is the heat capacity of the soil and t is time. With the
assumption of one-dimensional vertical heat flow, this equa-
tion can be integrated over the layer of interest, yielding
E
7cm
10cm
C
­T
­t dz 5 S2l ­T­ zD
10
2 S2l ­T­ zD
7
1 ~r~L 1 cpl~T 2 T0!!qv!10 2 ~r~L 1 cpl~T 2 T0!!qv!7
1 ~rcpl~T 2 T0!ql!10 2 ~rcpl~T 2 T0!ql!7 (15)
where the left-hand side is net change in heat energy, the first
two terms of the right-hand side are change due to conduction,
terms three and four are change due to vapor flux, and the last
two terms are change due to liquid flux. The derivatives of T
were approximated by finite difference formulations. Formu-
lae for the derivatives at 7 and 10 cm were developed using
truncated Taylor series expansions around the points of inter-
est; because measurements were available at three or more
points, the resulting approximations for the first derivatives are
second-order accurate. For the integral of the time rate of
change, a polynomial was fit to C(­T/­t) as a function of
depth, using the time series of temperature at the five mea-
sured depths, and then integrated between the given limits.
This approach was taken (instead of simply averaging the val-
ues of C(­T/­t) at 7 and 10 cm and multiplying by 3 cm) after
inspection of the profile of C(­T/­t) indicated that for some
time periods there was significant curvature in the profile
(which would cause error in the averaging approach). Al-
though these time periods were very few in number, the inte-
gral approach was chosen for greater accuracy then.
The heat energy transported by the liquid flux was at all
times very small, at least an order of magnitude less than the
conductive heat flux. Time series of the four sets of terms in
(15) (left-hand side, terms one and two, terms three and four,
and terms five and six) are plotted in Figure 4. The large
positive values of the change due to the conductive flux during
the day indicate that the layer is heating up from the downward
flux of heat energy. The net time rate of change in heat content
in the 7- to 10-cm layer does not match the change due to
conductive flux. The residual is the change due to vapor flux.
Its large negative mean value indicates that significant heat is
exiting the layer in the form of water vapor.
A similar analysis can be done for the mass flux. The mass
balance equation can be integrated over the soil layer
E
7cm
10cm ­u
­t dz 5 ~ql!10 2 ~ql!7 1 ~qv!10 2 ~qv!7 (16)
where the left-hand side is the net change in moisture content,
the first two terms of the right-hand side are change due to
liquid flux, and the last two terms are change due to vapor flux.
Since the net change in moisture content in the layer and the
liquid water flux can be calculated with finite differences, the
residual is again due to the vapor flux, this time in mass units.
The results for the finite difference approximations of the
left-hand side and the first two terms of the right-hand side of
(16) along with the residual which is taken to be the vapor flux
are shown in Figure 5. We see again that the mean residual is
negative, indicating that water vapor must be leaving the layer,
in order for the mass equation to close.
The time series of vapor flux calculated by the mass equation
and vapor flux calculated by the energy equation are compared
in Figure 6. As can be seen, there is in general good agreement
between the two sets of values of water vapor flux. A number
of factors could account for the what appears to be phase shift
on the rising limb of the daily cycle, and the somewhat greater
magnitude of the vapor flux derived from the mass balance.
Since both vapor fluxes are calculated as residuals, they accu-
mulate the errors in the measurements, the parameter esti-
Figure 3. (a) The change in the TDR moisture contents due to the temperature correction proposed by
Pepin et al. [1995] and (b) the noise removed by the low-pass filtering, both for the 2-cm data.
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mates, and the discretization. Obviously, an error in the mag-
nitude of the hydraulic and/or thermal parameters could lead
to the greater magnitude of the mass balance vapor flux. The
fact that the mass balance vapor flux often increases later in
the evening than the energy balance vapor flux mass also is due
to the accumulation of errors, especially to the parameter
estimate. The filtering of the moisture time series may also
cause some of the divergence between the two vapor fluxes.
The high-frequency components which were truncated from
the moisture time series will have the greatest impact at re-
gions where the flux time series is changing direction, so the
removal of the signal along with the noise leads to the greatest
disagreement there.
5. Discussion
It is apparent that if the values for thermal conductivity
given by the shape factors of Westcot and Wierenga [1974] are
Figure 4. The net change in the heat content of the 7- to 10-cm soil layer, the amount of that change due
to the difference between heat in through the top and out the bottom, the amount due to the heat transported
by liquid water, and the residual, which is the heat transported out of the layer by vapor.
Figure 5. The net change in the moisture content of the 7- to 10-cm soil layer, the amount of that change
due to the difference in liquid water flux through the upper and lower boundaries, and the residual, which is
water removed from the layer by vapor flux.
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used, the effect of the water vapor flux on the total heat flux is
significant. This is in contrast to the findings of Kimball et al.
[1976], who continued the analysis of Jackson’s group’s [Jack-
son, 1973; Jackson et al., 1974] soil temperature and moisture
content data. Kimball et al. [1976] found that by adjusting the
shape factors for Adelanto silt loam, they were able to match
well the measured change in heat content and conductive flux,
and they concluded thereby that vapor flux was negligible. This
result would suggest that the large discrepancy between the net
change in heat content and the change due to conductive flux
could be because the Wierenga values for the shape factors for
Yolo silt loam yield thermal conductivities are too large, which
in turn overestimate the heat fluxes through the top and bot-
tom of our layer. However, in order to match the net change in
heat content with the change in heat content due to the con-
ductive flux, it would be necessary to reduce the thermal con-
ductivities on average by a factor of 3. This adjustment would
in turn make the thermal conductivity of the soil less than that
of pure water when saturated, which should not be the case,
since the thermal conductivity of the solids is greater than pure
water. We conclude therefore that the difference between the
net change in heat in the soil layer and the change due to
conductive flux cannot be due solely to inaccuracy in the de-
termination of thermal conductivity.
An examination of Figure 5 shows that the mass equation
too cannot be easily adjusted to remove the residual which is
attributed to the net vapor flux. The residual largely arises
from the phase difference between the total change in mois-
ture content and the change due to the liquid water flux. One
obvious means of reducing the residual would be to make the
diffusion coefficient Dul somewhat smaller during the early
morning and somewhat larger during the late afternoon. Since
the moisture contents at a given depth at these times are often
roughly the same (see Figure 1), this sort of adjustment is not
consistent. Rather than use the isothermal liquid diffusion
coefficient as a tuning parameter therefore, we believe that the
use of the well-validated results of Fuentes et al. [1992] for the
Yolo silt loam is justified.
Some comment should be made about the use of a low-pass
filter to smooth the moisture time series. The use of this filter
and the bandwidth chosen were both arbitrary choices made to
ensure that the time derivative of the moisture content was
smooth so that a reasonable comparison between the time and
spatial derivatives could be made. Finite differencing tends to
accentuate high-frequency noise, and the raw data of the mois-
ture content was noisy enough that even when a 21-point
moving average was used, the time derivatives had spurious
spikes. As was mentioned earlier, the use of the filter may have
caused some of the disagreement between the vapor fluxes
calculated by the two different equations. However, there is no
simple way of determining how much of the high-frequency
part of the moisture content spectrum should be kept, so that
the error introduced is an unavoidable result of the goal of a
smooth finite difference approximation of the time derivative.
Even without the filtering, it is apparent that the moisture
content at 2 cm peaks shortly after noon each day. Soil mois-
ture peaks at this depth and time have been observed by other
researchers [e.g., Rose, 1968a; Jackson, 1973; Monji et al., 1990]
under similar conditions. We believe that the increase in mois-
ture content at 2 cm may be caused in part by the reconden-
sation of water vapor from above. We are, however, unable to
test this exactly because of the great difficulty of fine-scale
measurements of soil moisture at the soil surface.
In Tables 3 and 4 we present some summary statistics on the
changes caused by the different fluxes shown in Figures 4 and
5. From Figure 4 it can be seen that the three significant terms
in the energy balance all reach their maximum magnitude
around the same time each day. Table 3 shows that on average,
the change of the heat content due to vapor flux is at nearly
50% of the sum of the remaining terms in the energy balance,
Figure 6. Comparison of the changes in the moisture content in the 7- to 10-cm soil layer due to vapor
transport calculated from the energy equation and the moisture equation. Positive values indicate a net
transport of vapor to the soil layer; negative values indicate that more vapor is leaving the layer than entering.
Also shown is the vapor flux through this layer calculated with the Philip and de Vries [1957] expressions for
the vapor diffusion coefficients (equations (12) and (13)).
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during the time of maximum change. For the changes in mois-
ture content, the changes are not so neatly in phase; however,
the magnitude of the residual in Figure 5 does not change
much from its maximum at the point where the other two
terms are near their maximum. The vapor flux accounts for
roughly 25% of the remaining two terms at the time of maxi-
mal moisture content change.
The majority of vapor flow in systems where combined heat
and moisture transfer is considered has been attributed to
thermal vapor flow [Rose, 1968b]. The time series of the
changes in moisture content in the 7- to 10-cm layer from
vapor flux using the Philip and de Vries [1957] theoretical val-
ues for the diffusion coefficients is shown in Figure 6 along
with the measured time series from this study. The total the-
oretical vapor flux (predicted by Philip and de Vries in the
caption) is essentially all thermally driven vapor flux, since the
thermal term is 103 larger than the isothermally driven flux. It
is apparent that although the phases of the theoretical and
experimental time series are well correlated, the magnitude of
change due to the theoretical vapor flux is much smaller than
the measured change and, perhaps more strikingly, opposite in
direction. The fact that the magnitude of the change due to the
vapor flux predicted by the Philip and de Vries coefficients is
less than the magnitude of the measured change is not unusual,
since this result has been reported by Cass et al. [1984], who
found that a value of 10 to 20 is needed for the enhancement
factor for satisfactory match between the predicted water va-
por flux and observations. However the change in sign between
the theoretical change and the measured change indicates that
the theoretical model may not be capturing all of the physical
processes occurring. The fact that the theoretical change is
positive during the daytime indicates that the moisture content
in the 7- to 10-cm layer is increasing because of vapor flow at
the time when there is maximal solar heating, due to the
downward thermal gradient. The negative sign of the mea-
sured change indicates that the soil layer is losing moisture
during this time period from the net vapor flux. This loss of soil
moisture is what would be expected during the daytime, when
a large amount of evaporation can be measured from the soil
surface. The consistency of the results from the mass and
energy equations, the low probability that the residuals in these
equations can be entirely explained away by parameter adjust-
ment, and the intuitive expectation that during the daytime
when evaporation occurs the moisture content of the soil in
general will decrease, leads us to believe that the measured
results in Figure 6 are an accurate picture of the effect of the
soil vapor flux on the studied soil layer.
6. Conclusions
We have presented the experimental results of an investiga-
tion of combined heat and moisture transport in a field soil. It
was found that the energy and mass balances yielded good
agreement on the magnitude and direction of the water vapor
flux. The theory for diffusive vapor flow described by Philip and
de Vries [1957] underestimated the magnitude of vapor flux
significantly and, more importantly, predicted that the net va-
por flux would increase the moisture in a soil layer, when in
fact the net vapor flux removed moisture from the soil layer.
These differences indicate that the current theory of vapor flux
is not accounting for some important physical process. The
amount of water and energy transported by water vapor was
found to be a significant part of the mass and energy balances.
The importance of the vapor flux to the mass and energy
balances is due to the large diurnal temperature fluctuations in
the soil and the lack of vegetation at the site. Because the
vapor fluxes were calculated as residuals in the energy and
mass balances, they contain all the errors associated with mea-
surement and parameter uncertainty.
Acknowledgments. The first author was supported by a NASA
Earth Systems Sciences Fellowship during the period of this work. The
authors also gratefully acknowledge the UC Davis Superfund Project,
5P42ES04699-07. We thank Mary Hill, Jirka Simunek, and David
Stannard, whose reviews led to important changes and clarifications.
References
Bouyoucos, G. T., Effect of temperature on the movement of water
vapor and capillary moisture in soils, J. Agric. Res., 5, 141–172, 1915.
Cary, J. W., Water flux in moist soil: Thermal versus suction gradients,
Soil Sci., 100, 168–175, 1965.
Cary, J. W., Soil heat transducers and water vapor flow, Soil Sci. Soc.
Am. J., 43, 835–839, 1979.
Cass, A., G. S. Campbell, and T. L. Jones, Enhancement of thermal
water vapor diffusion in soil, Soil Sci. Soc. Am. J., 48, 25–32, 1984.
Dasberg, S., and J. W. Hopmans, Time domain reflectometry calibra-
tion for uniformly and nonuniformly wetted sandy and clayey loam
soils, Soil Sci. Soc. Am. J., 56, 1341–1345, 1992.
de Vries, D. A., Simultaneous transfer of heat and moisture in porous
media, Eos Trans. AGU, 39, 909–916, 1958.
de Vries, D. A., Thermal properties of soils, in Physics of Plant Envi-
ronment, edited by W. R. van Wijk, pp. 210–235, North-Holland,
North-Holland, 1963.
Edlefsen, N. E., and A. B. C. Anderson, The thermodynamics of soil
moisture, Hilgardia, 16, 31–298, 1943.
Fuentes, C., R. Haverkamp, and J.-Y. Parlange, Parameter constraints
on closed-form soilwater relationships, J. Hydrol., 134, 117–142,
1992.
Heimovaara, T. J., Design of triple-wire time domain reflectometry
probes in practice and theory, Soil Sci. Soc. Am. J., 57, 1410–1417,
1993.
Hopmans, J. W., and J. H. Dane, Temperature dependence of soil
hydraulic properties, Soil Sci. Soc. Am. J., 50, 4–9, 1986.
Jackson, R. D., Diurnal changes in soil water content during drying, in
Table 3. The Average Daily Maximum Increase and
Decrease of Heat Content in the 7- to 10-cm Soil Layer Due
to the Different Transport Processes
Average Daily
Maximum Increase
in Heat, W/m2
Average Daily
Maximum Decrease
in Heat, W/m2
Storage change 24.4 14.7
Conductive flux 81.0 33.3
Liquid flux 1.0 0.7
Residual (vapor flux) 19.4 57.5
Table 4. The Average Daily Maximum Increase and
Decrease of Moisture Content in the 7- to 10-cm Soil Layer
Due to the Different Transport Processes
Average Daily
Maximum Increase
in u, cm/s 3 1026
Average Daily
Maximum Decrease
in u, cm/s 3 1026
Storage change 5.39 6.32
Liquid flux 6.29 4.61
Residual (vapor flux) 0.89 2.47
CAHILL AND PARLANGE: ON WATER VAPOR TRANSPORT738
Field Soil Water Regime, Spec. Publ., 5, edited by R. R. Bruce et al.,
pp. 37–55, Soil Sci. Soc. of Am., Madison, Wis., 1973.
Jackson, R. D., R. J. Reginato, B. A. Kimball, and F. S. Nakayama,
Diurnal soil-water evaporation: Comparison of measured and cal-
culated soil-water fluxes, Soil Sci. Soc. Am. J., 38, 861–866, 1974.
Jury, W. A., and J. Letey Jr., Water vapor movement in soil: Recon-
ciliation of theory and experiment, Soil Sci. Soc. Am. J., 43, 823–827,
1979.
Kimball, B. A., R. D. Jackson, R. J. Reginato, F. S. Nakayama, and
S. B. Idso, Comparison of field-measured and calculated soil-heat
fluxes, Soil Sci. Soc. Am. J., 40, 18–25, 1976.
Milly, P. C. D., Moisture and heat transport in hysteretic, inhomoge-
neous porous media: A matric head-based formulation and a nu-
merical model, Water Resour. Res., 18, 489–498, 1982.
Monji, N., K. Hamotani, and Y. Omoto, Dynamic behavior of the
moisture near the soil-atmosphere boundary, Bull. Univ. Osaka Pref.,
Ser. B, 42, 61–69, 1990.
Pepin, S., N. J. Livingston, and W. R. Hook, Temperature-dependent
measurement errors in time domain reflectometry determinations of
soil water, Soil Sci. Soc. Am. J., 59, 38–43, 1995.
Philip, J. R., and D. A. de Vries, Moisture movement in porous
materials under temperature gradients, Eos Trans. AGU, 38, 222–
232, 1957.
Press, W. H., S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery,
Numerical Recipies in C, Cambridge Univ. Press, New York, 1992.
Rose, C. W., Water transport in soil with a daily temperature wave, I,
Theory and experiment, Aust. J. Soil Res., 6, 31–44, 1968a.
Rose, C. W., Water transport in soil with a daily temperature wave, II,
Analysis, Aust. J. Soil Res., 6, 45–57, 1968b.
Westcot, D. W., and P. J. Wierenga, Transfer of heat by conduction
and vapor movement in a closed soil system, Soil Sci. Soc. Am. Proc.,
38, 9–14, 1974.
Wierenga, P. J., D. R. Nielsen, and R. M. Hagen, Thermal properties
of a soil based upon field and laboratory measurements, Soil Sci.
Soc. Am. Proc., 33, 354–360, 1969.
A. T. Cahill and M. B. Parlange, Department of Geography and
Environmental Engineering, The Johns Hopkins University, 313 Ames
Hall, Baltimore, MD 21218. (e-mail: mbparlange@jhu.edu)
(Received October 7, 1997; revised December 22, 1997;
accepted December 24, 1997.)
739CAHILL AND PARLANGE: ON WATER VAPOR TRANSPORT
740
